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Antimicrobial peptides hold promise as broad-spectrum alternatives to conventional antibiotics. The 
mechanism of action of this class of peptide is a topical area of research focused predominantly on their 
interaction with artificial membranes. Here we compare the interaction mechanism of a model 
antimicrobial peptide with single artificial membranes and live bacterial cells. The interaction kinetics was 
imaged using time-lapse fluorescence lifetime imaging of a fluorescently-tagged melittin derivative. 
Interaction with the synthetic membranes resulted in membrane pore formation. In contrast, the 
interaction with bacteria led to transient membrane disruption and corresponding leakage of the cytoplasm, 
but surprisingly with a much reduced level of pore formation. The discovery that pore formation is a less 
significant part of lipid-peptide interaction in live bacteria highlights the mechanistic complexity of these 
interactions in living cells compared to simple artificial systems. 



The development of antibiotics is arguably one of humanity's greatest achievements, contributing to signifi- 
cantly increased life expectancy compared to past generations 1 . Our ever-growing dependence on existing 
conventional antibiotics has resulted in the evolution of antibiotic resistant superbug strains that adapt and 
become resistant at a rate much faster than our ability to design new drugs 2 . Antimicrobial peptides are promising 
therapeutic alternatives 3 " 5 . They are a natural part of an organism's defense system that can selectively kill 
invading bacteria without interfering with cells from the host organism 6 " 8 . 

The potential offered by antimicrobial peptides as therapeutic alternatives to current antibiotics has led to a vast 
literature aimed at understanding how antimicrobial peptides interact with cell membranes. Predominantly, 
these studies used model membrane systems, such as supported lipid bilayers, vesicles and lamellae and show that 
many antimicrobial peptides are able lyse biomembranes and form membrane pores via mechanisms such as 
barrel stave and toroidal pore 9 " 13 . So it is commonly assumed that antimicrobial peptides kill bacterial cells via 
similar pore formation mechanisms that lead to cytoplasmic leakage. However there are only a handful of papers 
that explore lipid-peptide interactions in living cells 14 " 24 . 

To the best of our knowledge, there are no published works specifically aimed at measuring the interaction 
mechanism of antimicrobial peptides with live bacteria. Here, we address this paucity. We have used time-lapse 
fluorescence lifetime imaging microscopy (FLIM) to image the interaction kinetics of a model antimicrobial 
peptide with an artificial membrane system and with live bacteria. Our model antimicrobial peptide is a derivative 
of melittin (melittin K14) 25 . The polarity- sensitive fluorescent probe AlexaFluor-430 is covalently grafted at the 
K14 residue 26 . Melittin is one of the most widely studied antimicrobial peptides 27,28 and is known to lyse mem- 
branes and form pores in artificial membrane systems 29 . Our melittin derivative behaves similarly 25 ' 26 . 

We imaged the interaction kinetics of the fluorescently labeled melittin K14 with giant unilamellar 1,2- 
dipalmitoyl-sn-glycero-3-phosphatidylchloine (DPPC) vesicles and with live E. coli transfected with e-GFP. 
Our data yield the surprising result that the lytic antimicrobial peptide leads to insignificant pore formation in 
live bacteria, compared with the artificial membrane system. In spite of this, there is rapid uptake of the peptide by 
the bacterial cell and concomitant leakage of the cell cytoplasm. This strongly suggests that the mechanism of 
lipid-peptide interaction in live bacteria is a dynamic process that causes transient disruption of the cell mem- 
brane without destroying its structural integrity. 
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Results 

To determine the interaction kinetics of our antimicrobial peptide 
(AlexaFluor 430-labelled melittin K-14) with a model membrane 
system (DPPC GUVs) and bacteria we employed time-lapse fluor- 
escence lifetime imaging. To interpret our data, we have drawn on 
our previous work where we have shown that the fluorescence 
lifetime of the melittin derivative is sensitive to the polarity of its 
microenvironment and is quenched upon pore formation 25 . A rep- 
resentative fluorescence intensity image of a DPPC giant unilamellar 
vesicle, with the melittin derivative in solution, is shown in Figure 1. 
It is clear that the peptide associates with the model membrane, as 
evidenced by the increased fluorescence intensity distribution near 
the periphery of the GUV. 

To monitor the interaction kinetics of the peptide with the model 
membrane we recorded fluorescence lifetime images as a function of 
time after peptide addition. This gives localized net lifetimes at 
regions of interest that have contributions from different peptide 
states: peptide free in solution, peptide associated with the mem- 
brane, and peptide participating in pore formation 26 . To facilitate 
the deconvolution of net lifetime into these different peptide states, 
we transformed the data from our selected region of interest (the 
GUV) into phasor space 30 " 32 , where the phase and modulation life- 
time values (Tq, and x m , respectively) are represented by a single point 
on the complex plane. In other words, x = mcoscp and y = msincp, 
where m is the modulation and (p is the phase. Figure 2A summarizes 
the temporal progression of the net fluorescence lifetime in phasor 
space (denoted by crosses). The pure component phasor values for 
free peptide (black square) and peptide membrane pore (red circle) 
are also marked. It is clear from the trajectory that as time progresses, 
the peptide converts from a free-like peptide state and approaches 
the membrane pore state. The corresponding fractional contribution 
of these different peptide states as a function of time are represented 
in Figure 2B. As time progresses there is an increase in peptide 
membrane pore states at the expense of un-aggregated peptide, pla- 
teauing to a high proportion (65%) of membrane pores. This is 
consistent with the conventional view that melittin forms pores in 
synthetic membranes. 

Figure 3 shows the fluorescence intensity and fluorescence lifetime 
images of live E. coli cells transfected with Green Fluorescent Protein 
(GFP), prior to the addition of peptide. The intensity image confirms 
the expected intracellular distribution of the GFP. The lifetime of the 
fluorescence from the cells is consistent with the expected GFP fluor- 
escence lifetime of 2.6 ns 33 . 

Figure 4 presents a series of fluorescence lifetime images of live E. 
coli cells transfected with Green Fluorescent Protein (GFP), at dif- 
ferent times after the addition of the melittin derivative. Of particular 



Figure 1 | Fluorescence intensity image of a giant-unilamellar vesicle of 
interest with added melittin derivative. Note the peripheral staining of the 
vesicle by the fluorescently-labelled melittin derivative showing the 
association with the membrane. 



note is the color-change from red to yellow in the background, indi- 
cative of a change in the net lifetime. The measured fluorescence 
lifetime of the background is intermediate between the lifetime of 
free melittin derivative (ca 3.4 ns) and free GFP (ca 2.6 ns). This is 
consistent with rapid leakage of the GFP from cell cytoplasm into the 
background solution as a result of the melittin derivative interacting 
with the cells. The corresponding kinetics of the interaction of the 
melittin derivative with bacteria was investigated by time-lapse life- 
time imaging of selected individual bacterial cells, in the same man- 
ner as used for the model artificial membranes. The phasor trajectory 
of the melittin derivative interacting with bacterial cells (Figure 5A) 
was distinctly different to the trajectory for interaction with model 
membranes (Figure 2A). Over time, the phasor in the bacterial cells 
went from a GFP-like state to a free melittin state. This is evident 
from examining the cosine-component of the phasor as a function of 
time, Figure 5B. The direction of this trajectory is opposite to the 
direction of the model membrane trajectory. The fractional fluor- 
escence contributions from free peptide, membrane pore peptide and 
GFP are displayed in Figure 5C. As time progresses, the bacteria- 
associated GFP contributes less. This is consistent with leakage of the 
GFP out of the cytoplasm and into the background solution, as also 
evidenced by the time-lapse lifetime images in Figure 4. The decrease 
in GFP fractional contribution is concomitant with an increase in 
free peptide fractional fluorescence, but it should be emphasized that 
this is free peptide associated with a bacterial cell, not free peptide in 
bulk solution. This indicates that GFP leakage is a result of peptide 
translocation from the extracellular solution into the bacterium, 
most likely the aqueous environment of the cytoplasm. The most 
surprising result is that the contribution from membrane pore states 
is ca 5% at all times (Figure 5C), and relative to peptide states no more 
than 10% of fractional fluorescence (Eq. 6). This is in stark contrast 
with the observations on the synthetic membranes in Figure 2B, 
where the contribution rose from 30% soon after the addition 
of peptide, reaching a steady- state of 65% after approximately 
150 minutes. 

Discussion 

The striking result that this work uncovers is the massive contrast in 
the number of pores formed in artificial membranes compared with 
membrane pores in live bacterial cells, during peptide-membrane 
interaction. There is a large body of work that shows very clearly 
that lytic peptides perforate artificial membranes by forming pores. 
Our expectation was that we would see something similar for the 
interaction of peptide with living bacterial cells. But surprisingly, 
what we have measured is very little pore formation at all, in living 
bacteria. This leaves us with the question of how GFP leaks out from 
the cell cytoplasm. 

From studies on artificial membranes, three mechanisms for 
membrane disruption or pore formation have been proposed. 
These are the carpet, barrel stave and toroidal pore models 34 " 37 . 
The barrel stave and toroidal pore models are both membrane pore 
models, but differ in the suggested structure of the pore. In the carpet 
model, the interaction of peptide with the membrane results in per- 
manent membrane disruption. None of these models can account for 
our observations on E. coli. The fraction of pore states is very low. 
Complete disruption of the membrane, as per the carpet model, is not 
observed. The bacterial cells remain remarkably intact. 

Our results suggest a new model is needed to explain peptide- 
membrane interactions in live bacterial cells. E. coli are Gram nega- 
tive bacteria with a thin peptidoglycan layer/cell wall and two mem- 
branes and the leakage of GFP from both inner and outer membrane 
requires that peptide can access both membranes. The fact that we do 
see a small fraction of membrane pores shows that pore formation is 
possible in the membranes of live bacteria. The cooperativity 
between peptide and lipid needed to form a large number of per- 
manent pores, as seen in artificial membranes 38 , is probably hindered 
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Figure 2 | Time-lapse FLIM of melittin derivative interacting with a single giant-unilamellar vesicle. (A). Phasor-FLIM representation of the data. 
X represents the phasor positions for the time-lapse FLIM data from the melittin derivative averaged over a giant vesicle. The arrow denotes the trajectory 
of the data as a function of time. ■ is the phasor position of the melittin derivative free in buffer solution. # represents the phasor position of melittin in a 
lipidic pore state. (B). Fractional fluorescence from: free melittin, ■ ; and lipidic pore melittin, # ; from a single giant unilamellar vesicle, as a function of 
time. Fluorescence fractions were determined as described in text. Note the increase in fluorescence from the melittin lipid pore state and the 
corresponding decrease in the free melittin fluorescence. 



by other membrane species (membrane proteins, glycoproteins, lipo- 
polysaccharide etc) on the membranes of bacteria. A logical con- 
sequence is that the dynamics of pore formation is altered. It is 
interesting that the 5%-10% fractional fluorescence of pores 
observed is seen from almost time zero and remains unchanged. It 
is tempting to suggest that the pores are kinetic intermediate species 






Figure 3 | Fluorescence intensity and lifetime images of E. coli transfected 
with GFP prior to addition of peptide. Note the cytoplasmic location of 
the GFP fluorescence. The lifetime of the GFP in bacteria was 2.6 ns. 
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Figure 4 | Time-lapse fluorescence intensity and fluorescence lifetime 
images of E. coli transfected with GFP after the addition of peptide at time 
zero. Note the red to yellow color transition in the background of the 
lifetime images, which is consistent with an overall decrease in fluorescence 
lifetime due to leakage of GFP from the cells. 
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Figure 5 | Time-lapse FLIM of melittin derivative interacting with a single E. coli bacterium containing GFP. (A). Phasor-FLIM representation 
of the data. X represents the phasor positions for the time-lapse FLIM data from the bacterial cell. The arrow denotes the trajectory of the data as a 
function of time. ■ represents the phasor position of melittin derivative in buffer. # represents the phasor position of melittin in a lipidic pore state. 
Green triangle represents the phasor position of GFP fluorescence from a bacterial cell. (B). Time trajectory of the cosine-component of the bacterial cell 
phasor. Solid line is added to guide the eye only. (C) . Fractional fluorescence from: free melittin, ■ ; lipidic pore melittin, # ; and GFP, green triangle; from 
the bacterial cytoplasm and within the cell wall, as a function of time. Fluorescence fractions were determined using the three-species analysis as described 
in the text. Note that within the bacterial cell, there is an increase over time in the fractional fluorescence of the melittin derivative and corresponding 
decrease in the fractional fluorescence of GFP. At all times the lipidic pore state has negligible contribution and remains approximately constant. 
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Figure 6 | Mechanism for dynamic membrane perturbation by the peptide. In this mechanism the peptide pores are transient species that are in 
dynamic pseudo-equilibrium with membrane surface states of the peptide. As a result, the peptide molecules can assemble to form transient pores in the 
outer membrane and then translocate to the inner membrane of gram-negative bacteria. These transient pores are at a low level at steady-state but their 
dynamic nature allows leakage of cytoplasmic contents from the bacterium. 



that, as for chemical intermediates, are transient with a pseudo 
steady- state concentration, continually forming and breaking up at 
equal rates (Figure 6). This would constitute significant dynamic 
perturbation of the bacterial cell membranes. We suggest that it is 
via these continual local membrane perturbations that GFP is able to 
rapidly leak out of the cytoplasm. 

The results here show that time-lapse lifetime microscopy can 
provide insight into complex mechanisms that underlie peptide- 
membrane interactions of cells. 

Methods 

Materials. l,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) was 
purchased from Avanti Polar Lipids (Alabaster, USA). UV/Vis Spectroscopy grade 
Chloroform and Methanol were purchased from Merck (Darmstadt, Germany). 
4-(2-Hydroxyethyl)-l-piperazineethanesulfonic acid (HEPES, 99% purity) was 
purchased from Acros Organics (Geel, Belgium). The fluorescently-labelled melittin 
derivative, melittin K-14 AlexaFluor-430, was synthesized on a Fmoc-PAL-EG-PS 
resin, as detailed by Rapson et al 25 . The AlexaFluor-430 fluorescent label used for the 
melittin derivative was purchased from Molecular Probes (Carlsbad, USA). All 
materials were used without further purification. High purity water used in the 
preparation of all aqueous solutions was generated by a Milli-Q™ Ultra Pure Water 
system or a Milli-Q™ Academic system (Millipore Corp., Bedford, USA), and had a 
resistivity of 18.2 Q.m. 

The GFP expressing plasmid used in this study is a derivative of the vector pGFP 
(Clontech). It was constructed by taking the NcoI/EcoRI fragment from plasmid 
pGLO (Bio-Rad) and replacing the equivalent fragment containing the native GFP 
gene in pGFP. It is believed that the plasmid pGLO is the same as the plasmid pBAD- 
GFPuv which has a "fast-folding" mutant form of GFP 39 . The new plasmid was 
transformed into competent E. coli JM109. The bacteria were grown overnight at 
37°C in LB broth prior to use. 

Methods. All glassware was cleaned immediately prior to use by first sonicating for 
one hour in 10% Dextran surfactant solution, rinsing with Milli-Q™ water followed 
by soaking for 4 hours in concentrated (~5 M) sodium hydroxide solution then 
finally rinsing with Milli-Q™ water. 

All aqueous solutions were 10 mM HEPES that were pH adjusted to 7.4 ± 0.05 and 
filtered through a 0.22 um Teflon membrane. Melittin derivative solutions were 
made at a concentration of 9 uM in HEPES. All solutions were stored at 4°C for no 
longer than 2 weeks. 

Giant Unilamellar Vesicles (GUVs) composed of pure DPPC phospholipid were 
prepared following the Solvent Evaporation Method as reported by Moscho et al 40 . 
Briefly, a 0.1 M solution of DPPC lipid dissolved in chloroform was added to 
chloroform: methanol mixture (9.8 : 1 ratio). Filtered HEPES buffer solution was then 
carefully added to the organic phase. The organic phase removed via vacuum rotary 
evaporation using a Buchi V-500 Diaphragm Pump operating at 40 rpm, 40°C and 
100 mBar minimum pressure. The remaining aqueous GUV suspension was 



centrifuged at 14,000 rpm (15,300 g) for 10 minutes to remove multilamellar vesicles 
and lipid debris. The supernatant was collected and stored in glass vials at room 
temperature (23 - 26°C) for no more than two weeks. 

A GUV sample was prepared for FLIM by aliquoting 100 uL of the GUV 
supernatant onto a clean glass cover- slip mounted in a Sykes and Moore chamber. The 
solution was allowed to equilibrate for 45-60 minutes, after which transmitted light 
microscopy was used to identify a suitable GUV of interest. A sufficient amount of the 
melittin derivative solution was injected into the sample solution for a global lipid-to- 
peptide (L : P) ratio of 27 : 1. Injections were made as close to the point of interest 
under the wide field lens as possible to minimize diffusion effects of the fluorescent 
peptide, since mixing might dislodge the vesicles from their identified locations. 

The bacterial samples for FLIM were prepared by depositing 200 uL of bacterial 
suspension onto a clean glass cover- slip mounted in a Sykes and Moore chamber. The 
bacteria were allowed to adhere for 2 hours. The suspension and any loosely- adhered 
bacteria were replaced with PBS solution by gentle rinsing. This ensures that the 
remaining bacteria were surface-immobilized for the duration of the experiment. 
Melittin derivative solution was added to give a final concentration of 9 uM, which is 
2 times the published MIC for melittin/£. coli. 

Fluorescence lifetime imaging microscopy (FLIM). All fluorescence lifetime 
imaging experiments were performed using a LIFA instrument (Lambert 
Instruments, Leutingwolde, The Netherlands) attached to an inverted microscope 
(TE2000U, Nikon Inc., Japan). Glass cover slips were used for sample preparation, 
and observed through a 100 X NA 1.2 oil objective (Nikon Plan-Fluor, Nikon Inc, 
Japan). The fluorescence excitation source was a 470 nm LED with a sinusoidal 
modulation frequency of 40 MHz (Lambert Instruments, Leutingwolde, The 
Netherlands). Phase and modulation lifetimes were determined by taking a series of 
12 phase images of differing phase shift (fluorescence lifetime image stack), utilizing 
the LI-FLIM software package (Version 1.2.3.11) supporting the LIFA instrument. 
Photobleaching was corrected through the use of pseudo-random phase ordering in 
all experiments. The reference used for all lifetime determinations was Rhodamine 6G 
(lifetime R6G: 4.1 ns). Fluorescence lifetime image stacks were recorded as often as 
possible after introduction of the peptide for up to 15 minutes (typically 1-4 minute 
intervals), and then every 15-minute interval beyond that for up to 3 hours. A 
transmitted light microscopy image was recorded immediately after each 
fluorescence lifetime image stack acquisition. 

The FLIM data were transformed into phasor space, where x = mcosq) and 
y = msincp, m is the modulation and cp is the phase. To further decompose the 
fluorescence into fractional states, the fractional fluorescence from free peptide and 
peptide pore states were computed. For a given phasor, r(x,y), the fractional fluor- 
escence from the peptide pore state, f pore , is given by: 

\r(x,y)-r(x,y) free \ 

fpore = I r ( 1 ) 

\ r ( x >y)pore- r (x>y)fiee\ 

where r(x,y)f ree is the (constant) phasor for free melittin derivative and r(x,y) pore is the 
(constant) phasor for peptide pore. These phasors are fixed and used as a point of 
reference. 
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For the bacteria transfected with GFP, there are three states to decompose, GFP 
fluorescence as well as free peptide and peptide pore. In this case, the observed phasor 
(r(x,y,)) is the sum of the free peptide, peptide pore and GFP fluorescence phasors, 
weighted by their respective fractional fluorescence contributions f free* f pore, and/ GFP , 
viz: 

r(x,y) =ffreer(x,y) free +f P or e r(x,y) pore +f G F P r(x,y) GFP (2) 

where 

ffree +fpore +/gFP = 1 (3) 

Substitution of equation (3) into equation (2) and inversion then yields the three 
desired fractions: ff re e>fpore, an d fcFP- 

Because GFP fluorescence can potentially swamp contributions from free and 
pore-peptide states, it is useful to show that the fraction free and fraction pore states in 
the absence of GFP fluorescence can be extracted from the data. These values can be 
determined from the GFP-bacteria using the formulae from equations (4)-(6): 

f - bsn (a) 

Jproe —j T j \*) 

Ipore + IGFP + Ifree 



Ipore + IGFP + Ifree 

where I is the relative fluorescence intensity for each fluorescent species as specified by 
the subscript. Combining Equations (4) and (5) to eliminate I GFP gives: 

fpore Ipore fpore,noGFP 
ffree Ifree ffree, no GFP 

Equation (6) shows that the ratio of the fractional fluorescence for pore and free states 
is the same in the absence and presence of GFP. 
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